Nonpolar ͑a-plane͒ GaN nanorod arrays with embedded In x Ga 1−x N / GaN ͑x = 0.09, 0.14, 0.24, and 0.30͒ multiple quantum wells ͑MQWs͒ grown on r-plane sapphire have been fabricated successfully by self-assembled Ni nanomasks and subsequent inductively coupled plasma reactive-ion etching. After nanorod fabrications, the polarization ratio of the emission from MQWs with lower indium composition ͑x = 0.09 and 0.14͒ slightly decreases but apparently increases by at most 79% for the samples with higher indium composition ͑x = 0.24 and 0.30͒. Competition between the effect of multiple scattering, strain relaxation and reduction in localized centers, expected in a-plane MQW samples, are attributed to the variations in the polarization ratios after the nanorod formation.
I. INTRODUCTION
GaN-based devices have attracted much attention for optoelectronic applications like laser diode and light emitting diode ͑LED͒ ͑Ref. 1͒ due to their wide direct band gap with emission wavelength ranging from infrared to ultraviolet light. However, conventional c-plane multiple quantum well ͑MQW͒ structures suffer from the quantum confinement Stark effect due to the existence of strong piezoelectric and spontaneous polarization.
2, 3 The built-in electric fields along c-direction cause spatial separation of electron and hole wave functions that in turn gives rise to the restriction of carrier recombination efficiency, the reduction in oscillator strength, which reduces the overall emission efficiency and the redshift in peak emission. 4 Recently, a promising method to eliminate the internal field is to grow InGaN/GaN MQWs on nonpolar orientations such as ͕1120͖ a-plane GaN on ͕1012͖, r-plane sapphire and a-plane SiC, and ͕10-10͖ m-plane GaN on ͕100͖ LiAlO 2 substrates. 5, 6 In particular, due to the anisotropic in-plane compressive strain in nonpolar GaN-based materials, the original ͉X Ϯ iY͘-like valenceband states are broken into ͉X͘-like and ͉Y͘-like ones. 7 Therefore, an inherently polarized light will be emitted from InGaN/GaN MQWs grown on nonpolar GaN, which is intriguing for applications needing a polarized light source, such as liquid crystal display backlight modules. 8 Theoretical studies predict that the polarization ratio increases as indium composition increases.
9 However, it is well known that the low miscibility of InN in GaN leads to a large fluctuations of indium or phase segregation within InGaN layers, 10,11 which is believed to confine more carriers at localization centers and then reduce the polarization ratio. 12 As a result, the polarization ratio does not increase with the indium composition due to the enhancement of dotlike In-rich regions. 13 In this paper, we report a viable method to improve the polarization ratio of a-plane InGaN/GaN MQWs with higher indium composition using nanorod-fabrication technique. In addition, the optical properties of a-plane GaN nanorod arrays with embedded InGaN/GaN MQWs on r-plane sapphire were investigated to understand the origin of the variations in the polarization ratio after nanorod fabrication.
II. EXPERIMENT
Four a-plane In x Ga 1−x N / GaN MQWs with different indium compositions were grown on r-plane sapphire with 0.2 offcut by metal organic chemical vapor deposition reactor. Trimethylgallium, trimethylindium, and ammonia were the precursors used as sources of Ga, In, and N in the whole epitaxial process. The a-plane In x Ga 1−x N / GaN MQWs structures consisted of a 30-nm-thick AlN nucleation layer, 2-m-thick bulk GaN, 1-m-thick n-type GaN, ten pairs of MQWs with 18-nm-thick GaN barrier, 4.5-nm-thick InGaN well and finally a 50-nm-thick GaN capping layer. The detailed growth parameters were reported elsewhere.
14 The x-ray diffraction analysis confirmed that the indium compositions in the QWs were around 0.09, 0.14, 0.24, and 0.30 for the four samples, respectively. The grown a-plane MQWs were then subjected to the nanorod manufacturing process as shown in Fig. 1͑a͒ . First, a thin layer of Ni metal about 10 nm was deposited on the surface by E-gun evaporator. The Ni-coated a-plane MQWs samples were subsequently subjected to rapid temperature annealing under flowing N 2 at 850°C for 1 min to form self-assembled Ni metal clusters. Then, the a-plane MQWs samples were etched down to the n-type GaN layer by the inductively coupled plasma reactive-ion etching ͑ICP-RIE͒ system ͑SAMCO ICP-RIE 101iPH͒ operated at 13.56 MHz under a gas mixture of Cl 2 / Ar= 45/ 30 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ with 2 min of etching time to form nanorods. The ICP source power, bias power, and the chamber pressure of the ICP-RIE system were set at 400/40 W. Finally, the samples were dipped into a heated nitric acid solution ͑HNO 3 ͒ at 100°C for 5 min to remove the residual Ni nanomask. Figure 1͑b͒ shows the birds-view ͑left͒ and crosssectional ͑right͒ field-emission scanning electron microscopy ͑FESEM͒ image of the fabricated a-plane InGaN/GaN a͒ Electronic mail: timtclu@mail.nctu.edu.tw.
MQWs nanorods. The dimension and density of the fabricated nanorods were estimated from the SEM image to be 250 nm and 1 ϫ 10 9 cm −2 , respectively. The etching depth estimated from the image is about 0.6 m.
For the polarization-dependent photoluminescence ͑PL͒ measurements, the samples were excited by a 325 nm HeCd laser with an excitation power of 35 mW and the emitted luminescence light was collected using a polarizer in front of the spectrometer ͑Triax 320͒ with a charge-coupled device detector. By rotating the polarizer, we could collect the light with electrical field perpendicular ͑E Ќ c͒ and parallel ͑E ʈ c͒ to the c-axis, respectively. The focused spot size of the HeCd laser was estimated to be about 200 m in diameter. In addition, temperature-dependent PL measurements were performed at temperatures ranging from 20 to 300 K. Figure 2 shows the integrated PL intensity of all samples after nanorod fabrication at different polarization angles at room temperature. It can obviously be seen that the PL intensity for all four samples increases with increasing polarization angle from 0°͑E ʈ c͒ to 90°͑E Ќ c͒, implying that polarized light has been emitted from the a-plane InGaN/ GaN MQWs nanorods. Moreover, since the spectral broadening is too large ͑about 200 meV͒, observable peak shift cannot be found between the emissions polarized to E ʈ c and to E Ќ c. The polarization ratios ͑͒ for all samples are cal- culated and summarized in Fig. 3 , where is defined as ͑I Ќ − I ʈ ͒ / ͑I Ќ + I ʈ ͒ using the integrated PL intensity, I. At first glance, the polarization ratio still decreases as indium composition increases. Interestingly, it is found that, as compared to the as-grown samples, the values of decreases slightly by 11% and 7% in the nanorod samples with x = 0.09 and 0.14, respectively, while it increases significantly by 79% and 27% in the nanorod samples with x = 0.24 and 0.30, respectively. Previous structural and optical studies on the c-plane InGaN/GaN MQWs nanorods showed that the internal strain had been greatly reduced. 15, 16 Accordingly, the anisotropy strains in the a-plane InGaN/GaN MQWs nanorods should also be released. Once the strain is decreased, subband-energy separation should be smaller, 17, 18 which will lead to the reduction in the polarization ratio. In addition, multiple scattering should occur after the nanorod formation, which also can reduce the polarization ratio. However, considering the anomalous enhancement of in the higher indium composition samples after nanorod fabrication, one can expect that there must be other mechanisms accounting for this phenomenon. In the following, further optical studies and discussions are carried out.
III. RESULTS AND DISCUSSIONS
The temperature-dependent PL spectra of all samples were measured between 20 and 300 K with 20 K interval.
The results for the sample with indium composition of 0.09 are displayed in Fig. 4 . Similar to the as-grown samples, the spectra of the nanorod samples exhibit lower-energy ͑P L ͒ and higher-energy ͑P H ͒ emission peaks in the lowtemperature range, which are attributed to the emissions from localized states and QWs, respectively. Nevertheless, it is noteworthy that both P L and P H peaks blueshift slightly after nanorod fabrication, and the P H peak becomes dominant at low temperature. These behaviors can also be investigated in other nanorod samples. Generally, the dangling bonds, Ga/In or N vacancy, and other defects will be induced on the surface of the nanorods sidewalls during the ICP-RIE etching, which will lead to high densities of surface states. Therefore, the surface Fermi-level might enter into the conduction band, resulting in broadening of the optical band gap due to the Burstein-Moss effect. 19, 20 Accordingly, the blueshifts for the P L and P H peaks are reasonable. In addition, such surface states may decrease the recombination rate of QWs near to the surface of side walls. This damage can be alleviated by optimizing the etching parameters or using the passivation approach. 21, 22 What we concern here is the change in the integrated intensity ratio of the P L to P H peaks ͑denoted as P L / P H ͒ after nanorod fabrication. Figure 5 shows the P L / P H at 20 K for all samples before and after nanorod fabrication. An apparent reduction in P L / P H can be observed in all samples, and it is decreased by 35%, 60%, 65%, and 49% for nanorod samples with x = 0.09, 0.14, 0.24, and 0.3, respectively. This result suggests that the energy depth of localized states may have been reduced after nanorod fabrication. Thus more carriers would be confined in the quantized level of QW rather than in localized centers. Moreover, these shallower localized states may be another reason for the blueshift in the P L peaks. Furthermore, it has been studied that thermal quenching of PL intensity as temperature is increased can be explained by the thermal emission of the carriers out of a confining potential with the activation energy. 23 Therefore, it is expected that the shallower localized centers should have smaller activation energies. In order to verify that, the temperature dependence of PL intensity for all nanorod samples was fitted to an Arrhenius equation:
where T is the temperature, I T and I 0 are the integrated PL intensity for T and 0 K, A and B are constants, k B is the Boltzmann constant, E a is the activation energy for PL quenching, and E b is generally associated to the free exciton binding energy. 23 The fitted activation energies E a are listed in Table I . Compared to the as-grown samples, the value of E a is indeed smaller, as expected. Particularly, the largest variation in E a ͑about 16 meV͒ appears in the sample with indium composition of 0.24, which is consistent with the greatest reduction in the integrated intensity ratio of the P L to P H peaks mentioned above.
Based on these results, the variations in the polarization ratio observed in our nanorod samples can be explained as follows. By fabricating the nanorod structures, multiple scattering along with strain relaxation and reduction in localized centers occur in all samples, which are believed to decrease and increase the polarization ratio of the emission, respectively. In the case of the lower indium composition samples, the multiple scattering and strain relaxation is considered to be much stronger. While as the indium composition is continuously increased, the polarization ratio enhancement effect by the reduction in localized centers becomes dominant. Consequently, slight reduction and evident enhancement of the polarization ratio are observed in our a-plane nanorod samples with lower and higher indium compositions, respectively. In addition, the energy depth of localized centers in the sample with indium composition of 0.24 was found to be reduced more significantly than that in the sample with indium composition of 0.30, resulting in much stronger enhancement effect for polarization ratio. Thus, the increase in polarization ratio is larger for the former sample than for the latter sample. In the future, more detailed study will be performed to quantify the strain relaxation and understand the origin of the reduction in the energy depth of localized states.
IV. CONCLUSION
In summary, a-plane GaN nanorod arrays with embedded In x Ga 1−x N / GaN MQWs ͑x = 0.09, 0.14, 0.24, and 0.30͒ by self-assembled Ni clusters and RIE-ICP dry etching have been fabricated successfully and their optical properties were studied in this work. The polarization-dependent PL reveals that the polarization ratio decreases slightly by 11% and 7% in the nanorod samples with x = 0.09 and 0.14, respectively, while increases significantly by 79% and 27% in the nanorod samples with x = 0.24 and 0.30, respectively. Moreover, from temperature-dependent PL results, low-͑P L ͒ and high-energy ͑P H ͒ PL peaks, related to localized states and QWs, respectively, can be observed at low temperature after nanorod fabrication, which is similar to the as-grown samples. However, the intensity ratio of P L and P H decreases by 35%, 60%, 65%, and 49% for nanorod samples with increasing x from 0.09 to 0.30, respectively, indicating the reduction in localized states. This argument is verified from the smaller activation energies for PL quenching in the nanorod samples. In addition, multiple scattering along with strain relaxation is expected in these a-plane nanorod samples. Therefore, the variations in the polarization ratio mentioned above may be attributed to the competition between the polarization ratio reduction and enhancement effect by the multiple scattering along with strain relaxation and the reduction in localized centers, respectively. These results suggest that the nanorod fabrication can be an effective way to fabricate longwavelength GaN-based LEDs with higher polarization ratio. 
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